The different contributions to the entropy change linked to the austenite-martensitic transition in a Ni-Mn-Sn metamagnetic shape memory alloy have been determined by combining different experimental techniques. The vibrational contribution has been inferred from the vibrational density of states of both the martensitic and austenite phases. This has been accomplished by combining time-of-flight neutron scattering measurements and ab-initio calculations. Further, the electronic part of the entropy change has also been calculated. Since the martensitic transformation takes place between two paramagnetic phases, the magnetic contribution can be neglected and the entropy change can be reduced to the sum of two terms: vibrational and electronic. The sum of the calculated contributions agrees very well with the experimental value measured by calorimetry ( ). We found that the vibrational component is the dominant one ( ), as compared to the interestingly non-negligible electronic contribution ( ).
attention due to their potential application as multiferroïc materials, especially since 1996 when giant magnetic field induced strain was found in Ni-Mn-Ga alloys [1] . Their functional properties are linked to the presence of the martensitic transformation (MT), a difussionless first order phase transition from a high temperature cubic structure (austenite) to a low temperature structure (martensite), showing a strong coupling between magnetic and structural variables [2] .
Unlike Ni-Mn-Ga alloys, the so-called metamagnetic systems, Ni-Mn-Z (Z=In, Sn, Sb), show a drastic change in magnetization at the MT, being significantly smaller in the weak magnetic martensite phase than it is in the ferromagnetic austenite phase [3] . This feature makes the MT very sensitive to external magnetic fields. Metamagnetic shape memory effect [4] , inverse magnetocaloric effect [5] , and giant magnetorresistance effect [6] have been reported in these systems.
Structural, electronic and magnetic effects are believed to play a predominant role to trigger and during the martensitic transformation. For example, the dynamical instability of the austenite phase prior to the MT commonly gives rise to precursor effects such as the softening of the low-lying transverse TA 2 -phonon branch [7] [8] [9] [10] [11] , or the anomalous behavior of the C' shear modulus [12] [13] [14] . Concerning the electronic influence, the origin of the MT was ascribed to a Jahn-Teller effect [15] , since a redistribution of the electronic density of states (DOS) was observed upon the martensitic transformation in Ni 2 MnGa. In this context, a reduction of the electronic DOS close to the Fermi energy, when transforming from the austenite to the martensite, was predicted by band structure calculations in Ni-Mn-Ga [16] [17] [18] and Ni-Mn-Sn [19] , and confirmed by photoemission spectroscopy [18] [19] [20] and EXAFS measurements [21] .
Empiric linear dependences between the MT temperature and the concentration of valence electron per unit cell e/a were found for several Heusler based FSMAs, which corroborate the role of the electronic subsystem on the MT in these compounds [22] [23] [24] .
Finally, magnetism plays a key role in the stability of the austenite phase towards further transitions, demonstrating that a strong magneto-elastic interaction is necessary for the induction of the intermediate phase in Ni 50 Mn 25 Ga 25 [25] [26] [27] . Additionally, the increase of the atomic order degree stabilizes the structural phase, and exhibiting a higher magnetic moment as a result of the effect of the magnetic exchange coupling variations on the free energy difference between the austenite and martensite phases [28] .
Therefore, any discussion about the characteristics of the MT through the entropy change must consider the sum of the changes of the three components; vibrational, magnetic and electronic:
, as long as there is no configurational contribution to the entropy change due to the diffusionless character of the MT. Classical thermodynamics establishes that the condition is a prerequisite for the occurrence of the MT upon cooling. Nevertheless, the proper evaluation of the different contributions to MT entropy change remains an open question that need to be addressed
Since the MT originates from the austenite phase showing structural instabilities, and towards a structure without low-lying soft modes, the vibrational entropy decreases in the forward MT, i.e. , and which was considered as the main contribution to [29] [30] [31] [32] . In some cases this entropy term has been calculated from the estimated values of the Debye temperatures, ,of both phases. Usually of the martensite is observed to be higher than that of the austenite [32] [33] [34] . On the other hand, the sign of the magnetic entropy, depends on the sign of the magnetization change at the MT. This contribution can be important in the case of metamagnetic alloys [30, 31, 35] ; leading to relevant effects such as the metamagnetic shape memory effect [4] and the magnetic arrest of the MT [36] [37] [38] [39] [40] . The estimation of the electronic contribution can be obtained from the difference between the Sommerfeld coefficients of the electronic specific heat of both phases [32, 41] Usually the dominant role has been attributed to the vibrational and magnetic contributions, disregarding the electronic entropy change [29] [30] [31] [32] . [44] . According to these observations, the magnetic contribution to the entropy change can be disregarded. Therefore, only the vibrational and electronic components contribute mainly to the total entropy change, which can be reduced to .
We performed inelastic neutron scattering measurements on ~ 3 grams of a polycrystalline sample of Ni-Mn-Sn on the direct-geometry, cold-neutron time-of-flight time-focusing spectrometer IN6, at the Institut Laue Langevin (Grenoble, France). Data was collected at 140, 250 and 400 K, in the up-scattering mode (neutron energy gain), using an incident neutron wavelength » i =5.12 Å, leading to a resolution of 0.07 meV at the elastic line. Data was analyzed after applying standard corrections; including detector efficiency calibration, background subtraction, and energy-dependent detector efficiency correction. The Q-averaged, one-phonon generalized phonon density of states (GDOS) was then obtained using the incoherent approximation in the same way as in previous works dealing with phonon dynamics [45, 46] . In the incoherent one-phonon approximation, the measured scattering function S(Q,E), as observed in inelastic neutron experiments, is related [47, 48] to the phonon generalized density of states g (n)( E), as seen by neutrons, as follows:
With:
where the + or -signs correspond to energy loss or gain of the neutrons respectively and n T (E) between the phonon DOS of both structures is the peak around 10 meV, characterizing the austenite phase. This feature is related to the presence of soft modes as the low-lying transverse TA 2 -phonon branch, which is common to the cubic phase in the shape memory alloys, based on
Heusler compounds [2] . On the other hand, no soft modes have been observed in the martensitic phase ( Figure 2 ). It is worth to note that there is no noticeable differences exhibited in the spectra between the paramagnetic and ferromagnetic states, of the martensite phase. This indicates that magnetic ordering does not affect the vibrational behavior of the martensite, as oppositely observed in the austenite where the magnetoelastic coupling was found to play an outstanding role [2, [7] [8] [9] [10] [11] . The true (vibrational) total phonon DOS of the alloy can be written as Equation 2, but without considering the neutron-dependent ionic scattering powers:
The function g(E) is required for calculating thermodynamic quantities, such as the phonon entropy or phonon contribution to heat capacity. The vibrational entropy of each phase at a temperature T is given in the quasiharmonic approximation by [50] : (4) where E max is the phonon energy cutoff.
The next step is to infer g(E) from g nw (E). However this is straightforward only when the values of are similar for all the atoms, so and no further corrections are necessary. But presently, as above indicated, the ionic neutron weighting factors are different:
Ni: 0.315; Mn: 0.039 and Sn: 0.041. The Ni contribution is one order of magnitude higher.
Therefore, ab-initio calculations represent a viable and accurate route to estimate a correction function , in such a way that . So our measured "neutron weighted"
DOS can be corrected to obtain the true (vibrational) DOS.
Relaxed geometries and total energies were obtained using the projector-augmented wave (PAW) formalism [51, 52] of the spin-polarized Kohn-Sham density functional theory [53, 54] , within both the local density approximation (LDA) and the generalized gradient approximation (GGA), implemented in the Vienna ab-initio simulation package (VASP) [55] . The GGA was formulated by the Perdew-Burke-Ernzerhof (PBE) density functional [56] . The LDA was based on the Ceperly-Alder parametrization by Perdew and Zunger [57] . Both non-spin-polarized and spin polarized calculations were performed. Interestingly, neglecting spin degrees of freedom In order to determine all force constants, the supercell approach was used for lattice dynamics calculations. Thus, a 2x2x2 and 1x2x2 supercells were constructed from the relaxed austenite and martensite structures, respectively. In the former phase the supercell contains 32 formula units (128 atoms), whereas in the latter phase the supercell contains 16 formula units (64 atoms). Total energies and Hellmann-Feynman forces were calculated for 6 and 36 structures resulting from individual displacements of the symmetry inequivalent atoms in the austenite (cubic) and martensite (orthorhombic) supercells, respectively, along the six inequivalent Cartesian directions (±x, ±y and ±z). Phonon modes were extracted from subsequent calculations using the direct method [60] as implemented in the PHONON software [61] .
The correction function, , has been extracted from ab-initio calculations as follows: after calculating the partial (atomistic) density of states for both the structures, the vibrational and generalized DOS of the alloy have been estimated, according to equations (3) and (2), respectively. We considered the experimentally refined alloy composition, i.e. . Then, has been inferred as the following ratio: . Finally has been determined by multiplying the measured (generalized) neutron weighted by . Figures 3-a and 3-b show the vibrational DOS of the austenite and martensite, at 400 K and 250 K respectively, after applying the ab-initio determined correction function f(E), using PBE and LDA methods, respectively.
According to the displacive character of the MT, the corrections are very similar for both The difference between the total entropy change and the vibrational contribution is related to the electronic contribution which can be estimated from the electronic DOS. In a recent work, the role of the electronic structure in the MT of Ni 50 Mn 37.5 Sn 12.5 alloys has been analyzed [19] . Hard-X-Ray
Photoelectron Spectroscopy measurements revealed the presence of a peak in the electronic DOS in the vicinity of the Fermi energy (E F ) for the austenite, which does not appear in the martensite phase. We calculated the electronic entropy change at the MT as . The electronic entropy associated with the excitations of electrons with temperature can be estimated from [50] : (5) where is the Fermi distribution function and is the electronic density of states at energy E. Using the electronic DOS calculated in [19] and taking T=310 K, equation (5) gives a value of . Thus, the calculated contributions to the MT entropy change gives the value , which is in very good agreement with the calorimetric result . Although the MT in the FSMAs has an electronic origin, our findings indicate that the main internal energy reduction happens in the lattice subsystem. Nevertheless, the electronic contribution is found to be nonnegligible, as long as it is around 25 % of the total entropy change.
In conclusion, the different contributions to the entropy change linked to the martensitic transition (MT) in a Ni-Mn-Sn metamagnetic shape memory alloy have been determined. A combined approach of time-of-flight inelastic neutron scattering measurements and ab-initio calculations were carried out to determine the vibrational contribution. Additionally, the electronic contribution has also been calculated using results from the literature. As the martensitic transformation takes place between two paramagnetic phases, the entropy change has been considered as the sum of two terms: vibrational and electronic. Our determined value of the total entropy change agrees very well with calorimetry measurements. Moreover, in spite of this work highlighted a predominant character of the vibrational contribution, the electronic component is also found to be non-negligible.
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